Fused deposition modeling (FDM) technology is a method of additive manufacturing that is growing with widely application. Due to the increasing tense of energy situation, it is also timely to consider the economic and environmental issues of growth in rapid prototyping technology. However, the question of how to model the functional relationship between printing parameters and energy consumption has received little attention. Only few researchers deal with the process optimization including the energy aspects. This paper explores how the printing parameters affect the energy demand for FDM process based on Group Method of Data Handling (GMDH) method. Further experimentations were designed, and an evaluation model of the energy demand based on GMDH algorithm has been proposed, in which the ANOVA revealed that the model is very significant. Meanwhile, by the ANOVA method, the printing system's energy consumption is analyzed to find the critical factors, in order to make best improvement in the system level. It is concluded that worktable temperature and layering thickness obviously have a significant influence on energy demand of the printing process. Finally, using differential evolution (DE) algorithm, optimal process parameters have been found to achieve good energy consumption simultaneously for the response. The results showed that the energy demand of the FDM process is improved by optimizing the printing parameters. Hence, the approach presented in this paper provides an important addition to existing additive manufacturing processes energy evaluating methods.
I. INTRODUCTION
The industrial sector represented over one third of global energy consumption and CO 2 emissions [1] , [2] and is considered a major sector where sustainable transformative changes most needed [3] . Claimed as a green technology [4] , additive manufacturing (AM) or rapid prototyping has a great potential for materials and energy efficiency, and gets fast development and extensive application. Compared with traditional subtractive machining methods, fused deposition modeling (FDM) is one broadly applied type of AM technology that can produce quality parts in a layer-tolayer manner. However, the energy consumption of emerging The associate editor coordinating the review of this manuscript and approving it for publication was Bin Zhou .
technologies-such as AM is often over looked [5] . As such, this research mainly addresses the sustainability of AM, especially focusing on the FDM's energy consumption. FDM was selected as the target of this investigation and methods were discussed for exploring the relationship between printing parameters and energy consumption.
Nowadays, FDM is a widely used technology in rapid prototyping. To establish the FDM energy model, it is possible to understand how the machine appears to work. In FDM, hot-melting materials are usually selected as printing materials. Its principle is to melt hot-melting materials at a high temperature, and then to selectively coat the materials on the workbench by controlling the print nozzle according to the profile size information. Moreover, there are many processing parameters that control the printing energy absorbed by VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ printing materials [6] . These processing parameters mainly include printing speed, layering thickness, filling distance, build orientation, and scanning strategy. And as shown in Figure 1 , the whole manufacturing process of FDM was introduced. At present, since a large number of printers in use, the rapid prototyping system has caused huge energy consumption. But research on energy consumption is relatively fewer. To realize the relationship between the process parameters, property, and energy of additive manufactured parts is very important. Workpiece surface roughness, mechanical properties and material cost, attracting a large number of domestic and foreign scholars and research institutions to conduct in-depth study and discussion, while the research on energy consumption is lacking. Gutowski et al. pointed that the energy efficiency in AM can be improved by increasing process rates [7] . Sanchez et al. proposed a general methodology to evaluate the recyclability of PLA used as feedstock in FDM printing and this application contribute to the understanding of the influence of the material's potential distributed recyclability [8] . Yardimci et al. developed a dimensional analytical and numerical model to solve the three dimensional energy requirment [9] . Bellini et al. adopted three approaches to calculate the force and power required by a FDM machine [10] . Santos et al. developed a computational tool integrating ecodesign principles and studied energy utilization in FDM system [11] .
In addition to energy consumption and materials, several studies have reported environmental emissions from various AM processes. Luo et al. presents a method for analyzing the environmental performance on four typical AM processes [12] . Sreenivasan et al. proposed an energy consumption rate for analyzing the sustainability of SLS and suggested to develop an improved heat management system for higher energy efficiency [13] . Ponche et al. defined a new design methods taking into account both the sustainable design requirements and manufacturing constraints [14] .
Paul and Anand have made continuous research on energy analysis and optimization in AM and additional evidence has been presented showing that by optimizing the values of slice thickness and part orientation would result in lower process energy, lower part form errors and higher part strength [15] , [16] . Telenko and Seepersad's research also indicated that manufacturers can save energy using SLS for parts with small production volumes [17] . Several studies have suggested the operating procedure and printing parameters can make an effective impact on AM's energy consumption and particulates emissions. Simon et al. explored how operating procedure and printing parameters affect the FDM energy consumption and particulates emissions. And the results indicated that the print bed heating and temperature maintaining is the chief part of energy consumption [18] . Mognol et al. integrated the rapid prototyping electrical energy consumption and concluded that optimization the printing time is useful for reducing energy consumption [19] . Kellens et al. proposed parametric process model to estimate the environmental footprint of SLS processes, and build height and volume which are the main parameters affecting the energy consumption [20] . Moreover, Franco and Romoli presented an analysis of Laser Sintering (LS) process from an energy standpoint based on geometrical features [21] . Strano et al. investigated a computational methodology for the simultaneous minimization of surface roughness and energy consumption in the SLS process, and located the optimal trade-off set between these objectives [22] .
Existing researchers have also proposed a number of energy models in different AM processes. Peng divided the 3D printing process energy consumption into two parts: primary and secondary energy and provided a fundamental approach for energy estimation [23] . Ma et al. created an approach for realizing the relationship between printing parameters and energy consumption and material cost based on selective laser sintering (SLS) [24] . Meteyer et al. presented an energy and material consumption model of binder-jetting process, and verified the model in three different processes [25] . Furthermore, a methodology for electric, fluids and raw material consumptions assessment for AM processe in the design stage was proposed by Bourhiset al. [26] . And this research is to integrate this model into the design loop for additive manufacturing parts. Weissman and Gupta proposed an energy consumption model by decomposing the manufacturing process into its energyconsuming components and the experimental results show the energy consumption of FDM heavily relies on the volume of the products [27] . Xu et al. presented a method to build an energy consumption model focusing on the printing stage of binder-jetting process and found out the correlation between the energy consumption and geometry of the manufactured part [28] . Unfortunately, a lot of analysis about FDM energy modeling is qualitative at present, and the statistical analysis of effective quantitative data of FDM printers is still lack.
As the previous study showed, the printing parameters, workpiece shape and orientation will affect the printing power in different degree. Currently, previous studies are more focus on the product property, surface roughness, layer thickness and printing speed. But the reality is that operators are lack of standards and guidelines in printing process, etc. In most cases, setting the printing parameters, worktable temperature, layer thickness, printing speed and other variables by experience, and this leads to a great difference in energy consumption. In order to simplify the study, the authors have only investigated the correlations between printing parameters (worktable temperature, layer thickness and printing speed) and energy consumption during FDM process based on Group Method of Data Handling (GMDH) method and a quantitative mathematical energy consumption model is proposed. Subsequently, the process parameters are optimized for minimal process energy consumption. A framework for the energy consumption of the FDM is conducted and differential evolution (DE) is applied for optimization. It is expected that findings from this study could shed light on how to design and operate FDM printers for reduced energy consumption. To a certain extent, it extends the application area of existing energy consumption models.
Motivated by the existing challenges, this research aims to establish an explicit power consumption model mainly considering the variable parameters. The study may advance the current state-of-the-art in the following perspectives:
i. Establish a quantitative functional relationship between energy consumption and theprinting parameters based on GMDH algorithm, especially worktable temperature, layer thickness, and printing speed.
ii. The printing system's energy consumption is analyzed to find the critical factors, in order to make best improvement in the system level. Subsequently, the DE algorithm was selected to optimize the printing parameters, due to its strong global convergence, robustness and stability.
NOMENCLATURE

AM
Additive the power consumption of the bed used, so this experiment is measured at room temperature for many times to minimize the impact of external temperature. The printing model, which is a round stool with four legs, and energy evaluation system are shown in Figure 2 . A laptop was connected to the power analyzer for recording and processing current, voltage and power signals. The main purpose of this experiment is to measure the energy consumption, however in order to reduce amount of data-preparing and calculating time, the data was averaged and output every 1s.
B. EXPERIMENT PROCEDURE
Each set of the measurements begin with a 5 minute background measurement, before the printer warms up. Except infill ratio and build orientation, three printing parameters were selected, worktable temperature ( • C), layer thickness (mm) and printing speed (mm/s). Moreover, the effects of selected printing parameters on energy consumption of printing process were studied by ANOVA. The detailed parameter sets is presented in Table 1 . Besides, each test was repeated three times to improve the reliability of the observed data.
C. SOLUTION APPROACH
The GMDH algorithm, introduced by Ivakhnenko [29] , is an evolutionary method based on self-organisation, which provides a means of identifying nonlinear relations between input and output variables. It is applied to self-organising data mining in complex systems with numerous and interrelated elements. Owing to its feasibility and accuracy in modelling the original information of the input and output variables, it offers a wide range of applications in complex system modelling. Compared to the traditional neural network, it exhibits the following advantages.(GMDH network flow chart is depicted in Figure 3 .) i. The mathematical model created can intuitively reflect the relationship between the input and output data.
ii. The GMDH algorithm can establish the model with information provided by the prior knowledge of the system, which is an important feature differentiating it from the artificial neural network.
iii. The termination condition of the model is provided by the optimal complexity principle, without artificial setting.
It is imperative to determine the appropriate input and output variables. This problem is taken from the author's previous work on energy consumption. A large number of data points were collected through numerous experiments and 27 representative data points were selected to model this problem. Thus, there were 27 data points consisting of three input variables and one output variable. The descriptions of the input variables are as follows: x 1 = Worktable temperature ( • C), x 2 = Layer thickness (mm), x 3 = Printing speed (mm/s), and y = Energy consumption (J). As there were three inputs, C 2 r = r(r − 1)/2 = 3 * 2/2 = 3 pairs of two variables were used at one time. Moreover, in this practical problem, we used 40% of the total dataset for training. After considering the fitness value, the specific parameters used are displayed in Table 2 .
III. RESULTS AND DISCUSSIONS A. ENERGY CONSUMPTION MODELING BASED ON GMDH
In this study, GMDH was chosen for this applied research work and MATLAB was used to calculate the model and the relationship between input variables and output variable. In addition, the printing experiments data by the self-made FDM printer is given in Table 3 . Therefore, the GMDH model based on Table 3 where,
B. QUALITY OF GMDH ALGORITHM RESULTS
The process parameters worktable temperature, layer thickness, printing speed and power of Table 3 were submitted to the GMDH network to develop a predictive model that relates the energy consumption to the process parameters. Figure 4 shows the measured and estimated values in a graphical form based on the 27 data. As could be seen, the model based on GMDH network predicts very well the behaviour of the energy consumption response with very little deviation.
It is imperative to evaluate the quality of the results obtained from the GMDH-type neural network. To do this, some statistical data are shown here. First, in this research using the first 13 predictions for training and the last 13 predictions for testing in Table 3 , it is found that the mean absolute percentage error is less than 5% and the coefficient of determination (R 2 ) is 0.9335. The results of the analysis show that the mutual association between variables (worktable temperature, layer thickness, printing speed) is very high, i.e. the influnce of the independent variable on the dependent variable is high. The above relevant experimental results indicate that it has a high analysis accuracy and precision, and the error can be controlled within the requirements.
IV. OPTIMIZATION OF PROCESS PARAMETERS FOR ENERGY CONSUMPTION PREDICTION A. DIFFERENTIAL EVOLUTION ALGORITHM
Storn and Price firstly proposed the differential evolution (DE) algorithm to solve permutative problems [30] . Due to its efficiency and programmability, DE algorithm is selected to solve the optimal problems with a general nonlinear function. Compared with the original genetic algorithm, DE has the following advantages.
i. Strong robustness and stability in solving nonconve, multi-modal and non-linear functions optimization problems.
ii. Especially good at solving multi-dimension function optimization.
iii. Fast convergence under the same accuracy requirement.
In order to find out the optimal parameter settings for the FDM energy consumption, the extant evolutionary approache DE algorithm is selected. According to researcher Storn's study, this paper setting the mutation probability as 0.5 and the crossover probability as 1.2. Furthermore, the maximum number of iterations for three variables can be calculated as D * 104/ NP = 200. And the detailed control conditions used for optimization are displayed in Table 4 . Moreover, the Eq. 2 modeling based on GMDH is applied to the objective function. And using DE algorithm for optimizing the energy consumption problem is more straightforward than employing Artificial Neural Network, and the Pareto solution set is shown in Figure 5 . In addition, the mathematical models based on GMDH are easy considered as objective functions by most classical optimization algorithms for searching the optimal solutions. 
B. RESULTS
Because of wide range of practical applications, MATLAB was used to verify the effectiveness of the DE algorithm. In addition, the simulation was run 3 times with the average running time per simulation being 0.378 s. The mean optimal printing parameters and energy consumption that the DE found are given in Table 5 . According to the parameters in Table 4 , using the DE algorithm can quickly find out the optimization results. Finally, the optimization result is validated with the FDM machine, also as shown in Table 5 .
Furthermore, in order to analyze the influence of the printing parameters on printing energy demand more clearly, ANOVA was used. ANOVA results are presented in Table 6 for the values of parameters (worktable temperature, layer thickness, printing speed), which all contribute to the performance of the model. The model F-value result of ANOVA also implies the model is significant. In this case, the worktable temperature and layer thickness are the main factors that affected the energy consumption. 
V. CONCLUSION
Characterizing and modeling the energy consumption model of FDM system is an effective analytical methodology that helps to establish the high energy-efficient printing system. According to the research findings, printing parameters not only affect the printing quality, but also have a great impact on the printing energy consumption. Now the key challenge is how to abstract this law and characterize it in functions. In that respect, the current FDM system researches still lack scientific and practical formulation strategies to addresses this challenge.
In this paper, a series of experiments are conducted to investigate how printing parameters affect the FDM energy demand. A functional relationship between printing parameters and the FDM process energy demand has been developed using the GMDH method. Meanwhile, using DE algorithm, which is one of the extant evolutionary approaches, optimal parameter settings are found. Our ANOVA results indicated that the worktable temperature and layer thickness are the main factors that affected the printing energy. Therefore, it is possible to reduce energy consumption during FDM printing by changing the printing parameters.
The relationships developed in this paper provide a quick approach to calculate the printing energy for a part. This approach will also allow the user to choose the optimal printing parameters for producing the part with the minimum energy demand thereby reducing the energy footprint of the printing process. Secondly, the multi-objective optimization will be carried out, including time, printing quality and energy used. Finally, future work will focus on the printing process from the view of full life cycle, in order to guide sustainable evaluation for green printer design quantificationally.
